Trace and ultratrace determinations of cadmium in several samples are becoming of increasing interest owing to the high toxicity of this metal. Several highly sensitive and selective analytical techniques [1] [2] [3] [4] [5] [6] [7] have been applied for the determination of such low levels of cadmium, including ETAAS, ICP-AES and ICP-MS. Unfortunately, the determination of ultra-trace amounts of cadmium in samples with complex matrices is not an easy task for an exceedingly low concentration of Cd in those samples and matrix-induced interferences. Hydridegeneration techniques coupled with atomic spectrometry and mass spectrometry are very popular because they result in more efficient transport of the analytes to an atomizer, and can be used to significantly improve a detection limits for a number of hydride-forming elements [9] [10] [11] (e.g. As, Sb, Bi, Ge, Sn, Pb, Se, Te, etc.). Recently, several systems for the generation of volatile cadmium species have been developed. [12] [13] [14] [15] [16] However, at the present time, those techniques are only fit for the determination of cadmium in simple samples, such as waste water, 12 natural water, 13 tap water 14, 15 and biological samples. [14] [15] [16] [17] The main reason is that the common ions (e.g. Cu 2+ , Pb 2+ , Zn 2+ ) cause the most serious interference. 12, 15, 16 Flow injection (FI) on-line preconcentration and separation coupled with spectroscopic techniques have been shown to be very effective in enhancing the sensitivity and selectivity of trace metals in samples with complex matrices. [17] [18] [19] [20] The HG-AFS has a flow-through detector that is compatible with on-line preconcentration and separation, and is therefore most suitable for measuring hydride-forming elements. However, to the best of our knowledge, the use of an on-line preconcentration and separation system coupled with HG-AFS for the determination of cadmium in complex samples (e.g. soil, sediment, rock, alloy and metal) has not yet been reported.
In this work, an intermittent on-line preconcentration and separation system coupled with HGAFS was designed and a sensitive method was developed for the determination of trace amounts of cadmium in samples with complex matrices. An anion-exchange resin (D201) was selected as the analytical column material, and thus the interferences from the ions of Cu 2+ , Ni 2+ , Pb 2+ were completely eliminated and the interference from Zn 2+ was decreased. The system was successfully used for the determination of cadmium in real samples with complex matrices.
Experimental
Apparatus A Model AFS-2201 double-channel nondispersive atomic fluorescence spectrometer fitted with a programmable intermittent reactor (Beijing Haiguang Instrument Co., China) was used throughout. The recommended operation conditions in this work are summarized in Table 1 . An intermittent on-line sorption and hydride generation system, which improved on a programmable intermittent reactor, was employed throughout this work. A schematic diagram of the system is shown in Fig.  1 , and the program of an intermittent on-line concentration and hydride generation is summarized in Table 2 .
An ICP-MS instrument (X7, Thermo Elemental, USA) was used. The operating conditions and the measured isotopes are given in Table 3 3+ and Ni 2+ , were greatly reduced. Under the optimized conditions, a detection limit of 3 pg ml -1 (3σ, n = 11) and a precision of 1.9% RSD for 1 ng ml -1 of Cd were obtained. The method was successfully applied to the determination of cadmium in a series of Chinese Geological Reference Materials (SRMs) and GBW01621 ferronickel alloy using simple aqueous standard calibration technique. The results obtained were in good agreement with the certified values. 
Reagents
All reagents were of highest available purity, but at least of analytical grade. Water purified with a Milli-Q system (Millipore) was used throughout. A 40 g l -1 potassium tetrahydroborate solution was prepared daily by dissolving KBH4 in 2 g l -1 sodium hydroxide and filtered before being used. The multi-element test solution was prepared daily by diluting a series of CLMS (SPEX Certiprep, Inc., USA) multielement solutions. A series of standard solutions of cadmium were prepared by four-stage dilution of the stock solution.
A micro-column, D201 anion exchange (Xi'an Resin Co.) resin (60 -80 mesh) was packed into a 4 cm × 3 mm i.d.
(maximum) polyethylene conic column. Glass-wool was placed at both ends of the packed column to avoid resin losses during system operation. Prior to use, the resin was washed by 1 M ammonia and 1 M hydrochloric acid for 2 min, respectively. The longevity of the micro-columns used for Cd separation from the sample matrix was more than 50-times.
Procedures
Studies on the on-line sorption and elution. A simple signalchannel FI on-line sorption system coupled with inductively plasma coupled mass spectrometry (ICP-MS) was designed. The conditions of the sorption and elution of cadmium were investigated and optimized using this system. All instrumental parameters and the isotopes of all elements are summarized in Table 3 . Different amounts of 1 M hydrochloric acid were added to test solutions containing 500 ng of multi-elements, transferred into polythene bottles and diluted to 25 ml with pure water. The test solutions were passed through a micro-column packed with D201 anion exchange resin at a loading rate of 2 ml min -1 by a pump. The effluent solution was introduced into the nebulizer of the ICP-MS; the residual concentrations of multielements in the outflow were determined by ICP-MS. According to the residual concentrations in the outflow, the sorption characteristics of all measured elements were investigated, and the sorption conditions were optimized.
Procedure for the determination of cadmium by on-line sorption concentration coupled with HG-AFS.
A solution containing not more than 250 ng of Cd was placed in a 50-ml volumetric flask. 10 ml of 1.2 M HCl was added and diluted to volume with water. The solution was passed through a micro-column packed with D201 resin at a loading rate of 2 ml min -1 for 30 s. The sampling tube was changed over into the rinsing solution (0.36 M HCl) and washed by the rinsing solution at a rate of 3 ml min -1 . Propelling air in sampling tube further restricted the dispersion of the eluting solution and improved the eluting efficiency. The sampling tube was inserted into the eluting solution, the absorbed cadmium ion was eluted by 0.42 M ammonia at flow rate of 4 ml min -1 and the elution was mixed with the carrier solution. The mixing solution was reacted with the reductant to generate a volatile cadmium species. The volatile species were atomized in a hydrogen-argon-air entrained flame and the atomic fluorescence intensity was measured under the conditions in Table 1 . Sample pretreatment. For soil, sediment and rock, 0.1000 g of the sample was weighed into a PTFE bomb, to which 1 ml HF, 0.5 ml HNO3, 0.5 ml HCl and 0.2 ml HClO4 were added, and 124 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Table 2 Step Flow rate/ml min then the sealed bomb was placed in an electric oven and heated to 190˚C for 3 h. After cooling, the bomb was opened and heated in a hot plate until white fumes were seen, and gently evaporated to dryness. Then, 2 ml of 1.2 M HCl was added and heated gently. Finally, the solution was transferred into a 10-ml volumetric flask and diluted to volume with water. For metal and alloy, 0.250 g of the sample was weighed into a PTFE bomb, to which 3 ml HCl and 0.5 ml HNO3 were added. The bomb was heated on a hot plate to remove most of the gases, and then 0.5 ml HF and 0.2 ml HClO4 were added. The sealed bomb was heated in an electric oven at 190˚C for 3 h. After cooling, the bomb was opened and heated on a hot plate until white fumes were seen, and gently evaporated to dryness. Then, 10 ml of 1.2 M HCl was added and gently warmed. Finally, the solution was transferred into a 10-ml volumetric flask and diluted to volume with water.
Results and Discussion

Acidic condition for the on-line sorption
The principle of on-line sorption with the D201 anion exchange resin is due to the formation of ionic associates of cadmium tetrachloride complexes in hydrochloric acid. The stabilities of their chloride complexes are based on the concentration of chlorine ion in solution. The sorption efficiency of cadmium and coexisting elements greatly depends upon the concentration of hydrochloric acid in solution. In this work, we studied the influence of the HCl concentrations on the CPS of 69 elements. For the HCl concentration within a range of 0.12 -1.2 M, the experimental results show that: i) the elements such Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ge, As, Zr, Nb, Mo, In, Sb, Hf, Ta, W, Th, U, alkali group, alkalineearth group and rare-earth group (REEs) were not adsorbed with D201 resin; ii) Ru, Rh, Ir, In, Sb, etc. elements were adsorbed, and the recoveries of these elements were less than twenty percent; iii) Ag, Au, Pt, Pd, Hg, Re, Bi etc. elements were absorbed completely; iv) Zn, Cd, Sn, Pb etc. elements were adsorbed, but the adsorptive efficiencies greatly depend on the concentration of hydrochloric acid. We studied the influence of the HCl concentrations on the recoveries of Zn, Cd, Sn and Pb. The results are shown in Fig. 2 . It can be clearly seen that the recoveries of Cd, Zn, Pb and Sn were enhanced with an increase of the HCl concentration. The percent of cadmium recovery was near completeness (>98%) when the HCl concentration reached 0.24 M. In order to eliminate and decrease the interference of metallic ions of Zn, Pb and Sn, a 0.24 M HCl was chosen as the compromise sorption acidity.
Eluent
In this work, ammonia, nitric acid or water was selected as the eluent. The relationship either between different eluents and the shape of the eluting curves was is in Fig. 3 . It can be clearly seen that a high and sharp peak of the cadmium-eluting curve was obtained with ammonia as the eluent. Nitric acid and water could be used to elute the sorbed cadmium, and the eluting efficiency was enhanced with an increase of the HNO3 concentration.
However, lower eluting efficiencies were obtained using nitric acid and water as eluents. Considering the eluting efficiency and the sensitivity of the method, ammonia solution was chosen as the eluent. Further studies result that the counts of 
Optimization of the conditions to generate volatile cadmium species
The acidity has a remarkable influence on the generation efficiency of the volatile cadmium species. In the present method, the eluent must be acidified with hydrochloric acid before the hydride generation reaction is performed. In this work, the HCl concentrations of the carrier solution were optimized.
A faint signal was recorded with a HCl concentration less than 0.36 mol l -1 , while the intensity increased significantly with 0.36 -0.52 mol l -1 , and a decrease was observed when exceeding 0.72 mol l -1 . In the ensuing investigation, a concentration of 0.60 mol l -1 was used.
The experimental results also revealed that the peak area was significantly enhanced with an increase of the KBH4 concentration within the range of 10 -40 g l -1 . It also indicated that further increasing the KBH4 concentration would cause higher noise in the measurement. A 40 g l -1 KBH4 solution was employed for the determination of Cd.
Guo 15 reported that the presence of thiourea together with cobalt further enhanced the generation efficiency of the volatile cadmium species. In this work, similar to previous results, the presence of thiourea and Co 2+ higher concentrations of HCl, thiourea and Co 2+ were recommended.
Interferences studies
Transition elements, especially copper and lead, have been reported to cause serious interferences in the determination of cadmium by hydride method. 15, 16 In order to solve this drawback, an intermittent on-line preconcentration and separation system coupled with HG-AFS was designed to eliminate the interferences from coexisting ions. The results showed that the interferences from most metal ions were greatly reduced. Table 4 and Fig. 4 show the effects of some typical interfering elements. It can clearly be seen that a much higher concentration of transition-metal ions (as compared with those obtained by direct hydride method) can be tolerated in the determination of cadmium.
Analytical performance
The analytical characteristic data of the proposed method were determined using the recommended procedure in this paper. A detection limit of 3 pg ml -1 (3σ, n = 11) and a precision of 1.9% RSD for 1 ng ml -1 Cd were obtained. The developed method has been applied to the determination of trace amounts of Cd in a series of Chinese Geological Standard Reference Materials (SRMs) using a simple aqueous standard calibration technique. The analytical results for geological samples are listed in Table 5 . It can clearly be seen that the obtained results are in good agreement with the certified values. The metal samples results are presented in Table 6 , showing good agreement between the two used methods. Found/µg g -1 Table 6 Analytical results of cadmium in metal samples (mean ± S, n = 5) 
